Many enzymes that catalyze electron-transfer reaction contain multiple oxidation-reduction centers (sites). The oxidation-reduction potential of one site as well as the kinetics of electron transfer through this site may be altered by the state of reduction of a neighboring site. Oxidationreduction site interactions may be mechanistically important and quantitation of site interactions would aid the interpretation of thermodynamic data and possibly kinetic data. A graphical means to detect and quantitate interactions between oxidation-reduction sites from oxidation-reduction equilibrium data (type A + B + C + D) is described and has its roots in the Scatchard analysis of ligand binding equilibria (type A + B + C). Oxidation-reduction sites often have distinct physical properties allowing the titration behavior of specific sites to be monitored. Equilibrium measurements on specific sites of a two site protein allow a further analysis of the data which can be combined with the oxidation-reduction Scatchard analysis to solve for ah four specific site equilibrium constants. Ligand binding systems can usually measure only total site binding and simplifying assumptions of identical sites or noninteracting sites are required to solve for the site specific equilibrium constants. Thus, specific site equilibrium measurements offer a distinct advantage over total site measurements. The principles of the method are illustrated by applying the graphical analysis to the two site protein, thioredoxin reductase, which contains an oxidation-reduction active site disulfide in addition to FAD. The specific site oxidation-reduction midpoint potentials (I&,) of the FAD and disulfide couples of thioredoxin reductase at pH 6. 
The biochemical literature cites many ex-among oxidation-reduction sites. Quantitaamples of allosteric and cooperative interaction of site interactions would aid the intertions among ligand binding sites in multiple pretation of thermodynamic data. Further, site ligand binding proteins (1,2). Many en-interactions among oxidation-reduction sites zymes which catalyze electron transfer pro-may be reflected in kinetic data since the rate cesses contain multiple oxidation-reduction of electron transfer to one site may be affected sites. The field of biological oxidations has by the oxidation-reduction state of a neighnot, in general, investigated interactions boring site.
tional reduction of one oxidation-reduction site versus a signal that represents the fractional reduction of another site or all the sites combined. A model that assigns oxidationreduction potential differences between the sites is fit to the data points. The data for this plot are usually obtained from titrations using a titrant having a low oxidation-reduction potential relative to the protein couples (i.e., sodium dithionite) since this analysis does not require knowing the equilibrium concentrations of oxidized and reduced titrant. Hence, the oxidation-reduction midpoint potentials (E,,,) for the protein couples are not usually obtained. A further disadvantage of this method is the inability to detect interactions among initially identical sites (4) . Another method to analyze interactions between oxidation-reduction sites is the Nemst analysis. Equilibrium concentrations of oxidized and reduced species of the protein as well as the titrant are required in the Nemst analysis and Em values for the protein couples are obtained. However, in the Nemst analysis, equilibrium data at very high and very low levels of reduction are required to quantitate interactions between sites and the difference in E,,., between sites (site heterogeneity). Accurate equilibrium data at high and low levels of reduction are usually difficult to collect.
The Nemst plot of oxidation-reduction equilibria is analogous to the Hill plot of ligand binding. In a detailed comparison of the Hill and Scatchard plots, the Scatchard plot has been shown to be more useful than the Hill plot for quantitative analysis of nonidentity between the sites and negative interactions between the sites (11) . Thus, the validity of a graphical method to analyze oxidation-reduction equilibria that is analogous to the Scatchard analysis of ligand binding is examined.
In ligand binding systems, the binding of ligand to specific sites is not generally measurable. Thus, analysis of even the simplest case, a two site protein, requires assumptions of no interactions between sites or of identical sites to solve for the site specific equilibrium constants. Oxidation-reduction centers often have characteristic physical properties which permit measurements of the equilibrium concentrations of oxidized and reduced species of specific sites. Specific site equilibrium data yields further information on site heterogeneity and site interactions and the site specific equilibrium constants of a two site system can be solved. The principles of the method are illustrated by considering a two-site system in detail and applying the analysis to thioredoxin reductase, an enzyme that contains two oxidation-reduction sites.
MATERIALS AND METHODS
Thioredoxin reductase was purified from E. coli by a modification of the procedure of Pigiet and Conley (12) except 1 .O M NaCl was used in place of NADPH to elute the enzyme from the 2',5'-ADP affinity column since the aerobic turnover of NADPH leads to peroxide mediated enzyme modification.3 NAD+ and NADH were purchased from Sigma. Anaerobic spectral titrations of thioredoxin reductase with NADH were performed using approximately 17 @M enzyme in 0.1 M NaHZP04-K2HP04-0.3
InM EDTA, pH 6.0, at 12°C. The anaerobic methods were described elsewhere (13) . Absorbance measurements were performed using a Cary 118C spectrophotometer. Measurements of pH were performed using a Beckman Model 3500 pH meter and Thomas 4094-L15 combination electrode. The equilibrium concentrations of enzyme FAD and enzyme FADH2 were calculated from the absorbance at 456 nm (13) . The equilibrium concentration of NADH was obtained from an isosbestic wavelength in the reduction of thioredoxin reductase and the concentrations of NAD+ and oxidized and reduced disulfide of thioredoxin reductase were obtained by difference (13) . Corrections to the data for FAD semiquinone were described elsewhere ( 13) . The criteria of negligible binding between oxidation-reduction species of titrant and enzyme and the condition of equilibrium among oxidized and reduced protein and titrant species were fulfilled as described elsewhere (13) . The value of E,,, for the NAD+/ NADH couple was taken to be -0.3 15 V at pH 7.0 and 25°C as given by Clark (14) . Applying the temperature correction factor of 0.0013 V/"C (14) , and slope, AE,,,/ApH, of 0.0283 V/pH unit at 12°C (14) , the E,,, value for the NAD+/NADH couple is -0.270 V at pH 6.0 and 12°C.
The experimental data were fitted to equations using a computer program (15) The titration behavior of a protein containing two oxidation-reduction sites can be described by the linked equilibria shown in Fig. 1 (17) . The phenomenological constants of Eq. [9] , K, and K,, are expressed in terms of the site specific equilibrium constants by
It is of extreme importance to note that the phenomenological constants, K, and K,, do not generally correspond to site specific equilibrium constants but are functions of the site specific equilibrium constants. This is a source of much confusion in published interpretations of multiple ligand binding equilibria.
Transformation of Eq. [9] into the Redox Scatchard equation does not yield a linear relationship. This is analogous to the transformation of equations for multiple ligand binding sites into the Scatchard plot function (19, 20) . Thus, the data are plotted according to the Redox Scatchard plot function: [Ill The graphical patterns of the Redox Scatchard plot for a two-site protein are shown in Table 1 .
The first step toward solving the site specific equilibrium constants of Fig. 1 is to obtain the values of the phenomenological constants from the Redox Scatchard plot (Fig. 2 ). In the case of identical/noninteracting sites the Redox Scatchard plot is linear ( Fig. 2A) and K, and K, are obtained from the slope. For nonidentical and/or interacting sites, the Redox Scatchard plot is curved (Fig. 2B) . The limiting slopes and intercepts of a curved Redox Scatchard plot can be expressed in terms of the phenomenological constants (Table 1) . Thus K, and KB can be obtained from the slopes and intercepts of a curved Redox Scatchard plot. A computer program which fits values for the phenomenological constants to ligand binding equilibrium data has been developed and is available (15). The computer analysis can be directly applied to oxidation-reduction equilibrium data by substituting [N,,]/[NJ for [L] . A computer-assisted fit of the equilibrium data avoids the subjective bias often associated with hand-drawn slopes and intercepts and thus is an especially valuable method to obtain the values of the phenomenological constants from a curved Redox Scatchard plot.
Three site specific equilibrium constants are required to fully describe the linked equilibrium of the two site protein shown in Fig. 1 (i.e., the remaining equilibrium constant is defined by the relationship K,K, = &&). The two phenomenological constants obtained from the Redox Scatchard analysis are each functions of three site specific equilibrium constants. Thus, a third relationship between the site specific equilibrium constants is required to solve for the three site specific constants. In ligand binding systems, only total site binding can be measured. Thus, for curved Scatchard plots, simplifying assumptions must be made to obtain the site specific equilibrium constants from the two expressions for K, and Z$. For example, the assumption of identical sites (K, = K2, K3 = K4) simplifies the expressions for K, and K, into functions of only two site specific equilibrium constants. The two site specific constants are obtained from simultaneous solution of the simplified expressions for K, and K,. Likewise, the assumption of noninteracting sites (K, = K4, K2 = K3) simplifies the expression for K, and K, into functions of two site specific constants from which the values for the two site specific equilibrium constants can be solved.
Oxidation-reduction sites are often small organic molecules or transition metal atoms which have distinct physical properties. Physical properties characteristic to specific sites can be used to monitor the fractional level of reduction of individual sites during a titration. A third relationship among the site specific equilibrium constants is obtained from site specific data allowing all four site specific equilibrium constants of Fig. 1 to be solved without the need for assumptions.
The expressions for the fractional reduction of the individual sites of the two site protein in Fig. 1 are given by [ IOA] and [ lOB] to solve for two other site specific equilibrium constants. For the linked equilibrium of Fig. 1 , the identity KIK3 = K2K4, allows the remaining site specific equilibrium constant to be calculated.
The pattern of the Redox Scatchard plot for each of the four cases of a two-site system involving site heterogeneity and site interactions are analyzed below. Expressions for the slopes and intercepts in terms of phenomenological constants and site specific equilibrium constants for each of the cases are summarized in Table 1 . In addition, the principles involved in the Redox Scatchard analysis will be illustrated by applying the method to data from the equilibrium between the NADC/ NADH couple and the couples of thioredoxin reductase, a two site protein.
Noninteracting/identical sites. Here, K, = K2 = K3 = K4 and the expressions for the phenomenological constants reduce to K, = K, = K1. The Redox Scatchard plot for this case is shown in Fig. 2A . The plot is a straight line and is interpreted in an analogous manner to the plot for a single site with the exception that Intercept 2 (Intercept 3) is 2 instead of 1 and Intercept 1 (Intercept 4) is twice the value of the site specific equilibrium constant.
Noninteracting/nonidentical sites. For this case, K, = K4, K2 = K3 and the expressions for the phenomenological constants simplify to K, = K, = K4; and K, = K2 = K3. The Redox Scatchard plot is a curved line which is concave upward as shown in Fig. 2B . As in the case of noninteracting/identical sites, the phenomenological constants are site specific equilibrium constants. Expressions for the slopes of the Redox Scatchard plot in terms of site specific equilibrium constants are functions of both K, and K2 and thus the two slopes must be solved simultaneously to obtain the site specific equilibrium constants. Extrapolation of the initial slope to the abscissa (Intercept 3) represents the maximum number of sites having the higher oxidationreduction potential, Intercept 2 gives the total number of sites, and Intercept 1 divided by Intercept 2 yields the average equilibrium constant (i.e., average value of E,,,) for reduction of the first site.
Direct equilibrium measurements of the fractional level of reduction of each site greatly simplifies the analysis of the site specific equilibrium constants. For the case of noninteracting/nonidentical sites, each site is in equilibrium with the titrant species independent of the state of the other site and the Redox Scatchard plot of the individual sites are each a straight line (i.e., Fig. 2A ). The site specific equilibrium constants are obtained by analysis of the individual Redox Scatchard plots ac-cording to Eq. [6] , the equation for a one-site protein. Thus, site specific information obviates the necessity for the curve fitting method.
Negative interacting/identical sites. For this case, K, = K2, K3 = K4 and the phenomenological constants reduce to K, = K1 + (Kf -KlK3)'/2 and K, = Kl -(K: -KlK3)1/2. In contrast to the two cases discussed above, the phenomenological constants are not site specific equilibrium constants. For this case, the phenomenological constants are functions of a combination of the site specific equilibrium constants and are solved simultaneously to yield the site specific equilibrium constants (i.e., K, + K, = 2K, and K,KB = K,K3). The Redox Scatchard plot is a curved line which is concave upward for a negative interaction (Fig. 2B) .
It is important to note that the shapes of the Redox Scatchard plots for the cases of negative interacting/identical sites and for noninteracting/nonidentical sites are indistinguishable (Fig. 2B) . Thus, for plots of these cases whose curves are superimposable, the phenomenological constants will be identical but the values for the site specific equilibrium constants solved from the phenomenological constants will be different since their expressions in terms of site specific equilibrium constants differ for the two cases. For the case of negative interacting/identical sites, the limiting slope at high values of fractional reduction is the site specific equilibrium constant for one site when the other site is reduced. The initial limiting slope is more complex and is a function of the site specific equilibrium constant for one site when the other site is oxidized, K1, and the site specific equilibrium constant for one site when the other site is reduced, K3. For an especially strong negative interaction between oxidation-reduction sites, K3 is small with respect to K, and the initial limiting slope is twice the value of -K1. Extrapolation of the initial slope to the abscissa (Intercept 3) represents the strength of the interaction between the sites. For a strongly negative interaction between the sites, K3 is small relative to Kl and Intercept 3 = 1. If there is no interaction between the sites, Kl = K3 and Intercept 3 = 2. Thus, for this case, the value of Intercept 3 is qualitatively similar to the value of the slope of the Nernst plot (i.e., the analog of the Hill coefficient of ligand binding). Intercept 2 gives the total number of sites and Intercept 1 divided by Intercept 2 yields the average value of E, for reduction of the first site.
Negative interacting/nonidentical sites. In this case, there are no identities and the phenomenological constants retain the form of Eqs.
[ lOA] and [ IOB] . The Redox Scatchard plot for this case is a curve which is concave upward (Fig. 2B) . As in each of the simpler cases, Intercept 2 and Intercept 1 yield the total number of sites and the average E,,, value for reduction of the Hurst site. The other intercepts and the slopes do not allow qualitative interpretations since they are functions of three site specific equilibrium constants (Table 1) .
In the case of negative interacting/nonidentical sites, the phenomenological constants are functions of three site specific equilibrium constants, and cannot be solved from the phenomenological constants alone. The Redox Scatchard plots of the individual sites are dissimilar curves which yield no information other than to confirm that the sites have unequal E,,, values and have a negative interaction between them. Thus, individual site oxidation-reduction equilibrium data are plotted according to Eq. [ 141 to obtain the site specific equilibrium constant, K3. The value of K3 is substituted into Eqs.
[ lOA] and [ IOB] allowing the other site specific equilibrium constants to be solved.
Application of the Method to Thioredoxin Reductase
Thioredoxin reductase has two oxidationreduction sites, an FAD and a disulfide, and catalyzes the reversible transfer of electrons between NADPH and the disulfide of thioredoxin, a small protein (2 l-23). In the analysis of thioredoxin reductase which follows, the sites of .,P,, in Fig. 1 correspond to rADPCsj2 for thioredoxin reductase. The E,,, values for the FAD and disulfide couples of thioredoxin reductase were previously determined ( 13) . In the previous study, the binding of phenylmercuric acetate to one enzyme form was monitored which allowed solving for the four microscopic E, values directly. The Em values were obtained from measurements of the four enzyme forms in equilibrium with NADc and NADH using the Nernst relationship. The criteria that NAD' and NADH do not bind preferentially to any of the enzyme microforms and the criteria that the enzyme microforms are in equilibrium were established in the earlier study. The Redox Scatchard analysis, described below, is of equilibrium data at pH 6.0. This pH was chosen since the difference in E,,, between the FAD and disulfide couples is the greatest at this pH (13) . The Redox Scatchard plot for titrations of thioredoxin reductase with NADH is shown in Fig. 4 Note. Definitions of the constants are as follows: K,,, Kp are phenomenological constants obtained from a computer fit of the data shown in Fig. 4 to Eq. [9] ; intercept is the intercept of the plot shown in Fig. 6 ; K,, K2, K,, and K, are the site specific equilibrium constants(see text) calculated by substituting the values K,, K,, and intercept into Eqs.
[ lOA] and [ IOB] ; the E,,, values are calculated from the site specific equilibrium constants using the Nemst equation. These data are from NADH titrations at pH 6.0. Table 2 , were obtained from a computer fit of the data shown by the solid line in Fig. 4 . The Redox Scatchard plot is an upward concave curved line indicating nonidentical E,,, values of the sites and/or a negative interaction between the sites. The Redox Scatchard plots for the individual sites are shown in Figs. 5A and B (V, and ti2 are the values of fractional reduction for the disulfide site and FAD site, respectively). The data points for neither of the site specific Redox Scatchard plots fall on a straight line indicating an interaction between the oxidation-reduction sites. The profile of the data points of the disulfide site (Fig.  5A) is different from the profile of the data points of the FAD site (Fig. 5B) showing that the sites have different Em values. Thus, thioredoxin reductase is a protein having negative interacting/nonidentical oxidation-reduction sites. As discussed earlier, the phenomenological constants for the negative interacting/ nonidentical sites case are functions of three unequal site specific equilibrium constants (Table 2) , is the reciprocal of the intercept on the ordinate (Table 2) 9,/9* protein has been described which is analogous to the Scatchard analysis of ligand binding. In ligand binding systems, usually only total site binding can be measured and simplifying assumptions must be made to solve the site specific binding constants of even a simple two site protein.
The strength of the analysis of oxidation-reduction site interactions lies in the fact that oxidation-reduction sites often have distinct physical properties conferring the ability to measure the oxidation-reduction state of individual sites in many proteins. Measurements of fractional reduction levels of individual sites in a two site protein allows a further analysis that can be combined with the Redox Scatchard analysis to solve for the specific site equilibrium constants without the need for simplifying assumptions. Hence, specific site information offers an advantage over ligand binding systems that usually allow only total site binding to be measured.
In ligand binding, extremely tight binding of a ligand requires measurements in very dilute solution to observe free ligand. In oxidation-reduction equilibria, an unfavorable equilibrium can be made more favorable by the previous addition of one species of titrant or the equilibrium can be changed by switching to a titrant having a more favorable oxidation-reduction potential, hence a further advantage of measurements of oxidation-reduction equilibria over ligand binding equilibria.
The principles of the analysis were illustrated by considering a two-site case in detail. Application of the method to thioredoxin reductase, an enzyme containing an active site disulfide and an FAD, revealed a slight negative interaction between the sites (0.0 16 V) and a difference in E,,, of 0.019 V for the two sites at pH 6.0. The values of Em obtained from the Redox Scatchard analysis agree quite well with the values of E,,, determined by a different method ( 13) . The analysis is of equilibrium data at pH 6.0 since the difference in E,,, between the FAD and disulfide couples is the greatest at this pH.
Oxidation-reduction equilibria among multiple sites, like multiple site ligand binding equilibria, can be described by a linear summation of hyperbolic terms with the total number of terms not exceeding the total number of sites with or without interactions among sites (1)
Ki[NrIIINoxI v = 1 + mwt&I ' 1151
where U is the average number of moles of reduced sites per mole of protein, n is the total number of sites, Kj are phenomenological constants which are functions of the site specific equilibrium constants, and [NJ and [NJ are reduced and oxidized titrant, respectively. Thus, the analysis should be applicable to proteins containing more than two sites. Site specific equilibrium measurements on a protein containing more than two sites, although more difficult to analyze than the two-site case, should give the information required to obtain the site specific equilibrium constants. Although the function of oxidation-reduction equilibria (A + B 5 C + D) analogous to the Scatchard function of ligand binding (A + B ~7 C) has been the focus of this study, functions of the oxidation-reduction equation which are analogous to other transformations of the ligand binding equation could be useful, e.g., the Klotz plot and the Stockell plot.
